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SUMMARY: Cathodic protection (CP) is typically used in combination with barrier coatings 
to protect metallic structures against corrosion. To be effective, the CP current must be able 
to flow between the anodes and coating defects at the protected structure where its metallic 
surface is exposed to the corrosive environment. Unfortunately, estimating the distribution of 
CP current is a non-trivial problem due to the discrete location of the anodes and the 
unknown extent and distribution of coating defects in the structure. In addition, the flow of 
CP current can be compromised by the presence of disbonded coatings and environment’s 
resistivity can change as a result of the sustained application of CP. Therefore, careful 
quantitative analysis of the CP current distribution is complex and challenging.  
The finite elements method is a useful tool for CP distribution quantitative analysis. 
However, its practical value is determined by how representative of reality is the 
mathematical model proposed. While models based on Laplace's Equation are helpful at the 
design stages of a CP system, they are oversimplified and typically imprecise descriptions of 
reality. On the other hand, more realistic models based on the Nernst-Planck Equation require 
precise knowledge of a large number of parameters, which is often impractical. 
This paper reviews typical finite element models used for the calculation of CP current 
distribution, highlighting the serious flaws that arise from careless application of the classical 
assumptions. 
Keywords: Pipeline, Cathodic protection, Finite element analysis, Modelling 
1. INTRODUCTION     
Cathodic Protection (CP) in combination with protective coatings, is used in a wide range of applications, from 
underground metallic structures such as pipelines and storage tanks, to offshore platforms and rebar in concrete. 
Despite its widespread use, there are still many unsolved issues related to its application. For instance, there is 
debate regarding the corrosion rates that frequent short anodic transients could produce [1]. Also the practical 
value of ON, instant OFF and coupons potentials to reflect the actual polarization achieved at coating defects is 
still unclear [2]. Numerical modelling can assist in clarifying this issues because it provides a systematic way to 
quantitatively evaluate hypotheses and isolate variables. 
The first attempts numerical modelling for CP applications were based on finite differences and the Boundary 
Element Method (BEM). BEM was particularly appealing for the resolution of mathematical models involving 
semi-infinite domains, such as in the case of buried or subsea pipelines, because it does not require to evaluate 
the potential and current density fields for the whole electrolyte volume. Instead, the solution is only evaluated 
at the surface of the structure being modelled, which represents only a boundary of that volume. However, the 
BEM has important difficulties for modelling environments of non-homogeneous resistivity and cases where the 
geometry of the air-electrolyte is complex. Despite its limitations, the BEM has been the preferred method for 
numerical simulation of CP systems since the early 80’s due to its high computational efficiency when 
compared with other methods such as finite differences and the Finite Element Method (FEM) [3-7]. The BEM 
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has been found to be particularly suitable for CP modelling in seawater [7-10], however its limitations about 
environment heterogeneity and geometry are, in general, insufficient for modelling the complexity of CP 
systems for underground and reinforce concrete structures. 
The FEM is a technique that allows to numerically solve mathematical models of complex geometry. This is 
achieved by stating the governing equation and boundary conditions of the model in their integral form and 
dividing the modelled domain into elements of relatively simple geometry. The model’s equations are then 
numerically solved for these simple elements and the solution for the whole modelled domain is then 
reconstructed as the addition of the contribution of each element. Given that the environment properties can be 
defined independently for each element, FEM represents a much more versatile approach than BEM for 
modelling heterogeneous and dynamic environments. 
This paper critically examines the governing equations and boundary conditions of present FEM models, 
pointing out their limitations and the possible errors induced for careless use. Classical modelling assumptions 
are contrasted against the physicochemical processes involved in CP drawing guidelines for their improvement. 
2. MODELING THE ELECTROLITE  
The flow of current thru an electrolyte is a consequence on the net flow of ionic species. These charged species 
flow in the electrolyte by migration, diffusion or convection. Migration is the movement produced by the 
presence of an electrical field, by which cations will be attracted to the cathode and anions to the anode. 
Diffusion is the net flow of species produced by concentration gradients in the electrolyte. Finally, convection is 
the movement of species produced as a consequence of any flow of electrolyte mass. In FEM models, the 
electrolyte is represented by an equation that described the behaviour of the variables of interest. This equation 
is known as the model’s governing equation. The two most commonly used governing equations for CP 
applications are the Nernst-Plank and the Laplace Equations. 
2.1 The Nernst-Planck Equation 
In FEM models, the Nernst-Planck Equation accounts for the migration, convection and diffusion of species is 
combined with the condition of electroneutrality to describe the electrolyte. Here, the electrolyte is a continuum 
where the concentration of each chemical species is balanced as a function of the electrical field, the possible 
chemical and electrochemical reactions, their concentration gradients and any movement of the electrolyte as a 
whole; while the electrolyte is maintained electrically neutral. This approach constitutes a very detailed 
description, allowing to specify the rate of each chemical and electrochemical reaction individually. However, 
having such a level of detail also requires a comprehensive knowledge of the system being modelled. For 
example, the diffusion coefficient and electric charge of each chemical species modelled, together with the 
reaction constants and kinetics of chemical and electrochemical reactions must be specified a priori. For most 
practical cases, where even the chemical composition of the electrolyte is unknown, the highly specific 
parameters required for these models are difficult to obtain. This, together with the high computational cost 
involved in iteratively balancing the concentrations of all species, has limited the application of these models.  
However, complex processes occurring at the proximity of the CP electrodes often require consideration of the 
ionic current produced by diffusion. Consequently, the Nernst-Planck Equation must be used. Studies focusing 
on the evolution of the environment under disbonded coatings [11-18] and around concrete reinforcements [19, 
20] are typical examples of CP models based on this equation. In particular, Allahar et al. [17] calculated that 
under a circular disbonded coating the ionic flow produced by diffusion can constitute up to 55% of the total 
ionic current. 
2.2 The Laplace Equation 
Laplace Equation is the 3D-equivalent of Ohm’s Law and it allows to obtain the potential distribution in the 
volume around a structure under CP based on a relatively simple description of the electrolyte, where only 
knowledge of its resistivity is required. Many of the early applications FEM for CP took advantage of the fact 
that the Laplace equation is also used for heat transference models. This allowed to make direct analogies 
between the both physics and use software initially developed for heat transference to deal with CP problems 
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[21-23]. The use of Laplace Equation is particularly suitable to model large CP systems where the distribution 
of individual chemical species is of less importance. This approach allows to model inhomogeneous or 
dynamically changing resistivity values with little difficulty. The practical success of this model relies on the 
fact that its variables are relatively easy to be measured. For instance, field information regarding resistivity of 
the environment around the protected structure can be obtained thru a systematic four-point resistivity survey.  
However, by describing the electrolyte based on its resistivity, the Laplace Equation can only be related to the 
overall movement of ions produced by migration, completely overlooking the current contributions of diffusion 
and convention. Despite the fact that the Laplace Equation ignores the transport of individual species, the 
transport of gases and other electrically neutral species can be coupled into the model with relative ease [24]. 
Unfortunately this is not the case for ionic species, for which models based on the Nernst-Planck Equation are 
generally preferred. 
3. MODELLING THE ELECTRODES 
3.1 Electrochemical boundary conditions 
The realistic simulation of the electrode/electrolyte interphase is perhaps the greatest challenge in modelling CP 
systems. This is, in part, due to the large polarizations involved in CP and also to the evolution of the electrode’s 
surface over time. The approach followed by most researchers has been to extrapolate electrochemical 
parameters from polarization curves obtained in controlled conditions and then use classic electrochemical 
models such as the Butler-Volmer Equation to describe the response of the interface to different polarization 
levels [22-35]. This approach is used almost exclusively in the case of Nernst-Plank Equation based models, 
where the kinetics of each individual electrochemical reaction must be specified [11-18]. Although the use of 
these electrochemical models is a valid first approximation, it is important to consider that at the large 
overpotentials induced by CP the result can be often inaccurate [36].  
Another approach is to simulate electrode electrolyte interphase directly using experimental polarization curves 
[20, 21, 37-40]. Although this approach is likely to produce a more accurate description, the fact that kinetical 
information regarding more than one electrochemical reaction is generally contained within each experimental 
polarization curve, impedes to draw conclusions about individual reaction rates. Another disadvantage is that 
when diffusion controlled reactions are involved, the individual reaction rate of cannot be manipulated as a 
function of the concentration of reactants/products. 
The preceding methods describe the electrode/electrolyte interphase in terms of a constant polarization curve 
whilst, in reality, it is well known that processes such as formation of  passive films, accumulation of corrosion 
products or calcareous deposits and migration of Cl
-
 ions can affect the electrochemical behaviour of an 
electrode. Li et al. [41] recently took one of the first steps in this regard by developing a dynamic boundary 
condition that considers the build-up of calcareous deposits on the surface of the cathode. Also the 
heterogeneous nature of real electrodes is being ignored in the existing electrode/electrolyte interphases and is 
expected to impose a challenge for the deterministic nature of FEM models. 
3.2 Oxygen concentration 
Oxygen reduction is often the main cathodic reaction over a structure under CP. Since the rate of this diffusion 
controlled reaction is directly related to CP current applied the structure, careful quantification of its limiting 
current is required for most CP models. One of the simplest approaches used for models based on Laplace 
Equation is to set a fixed limiting current density value that was experimentally obtained under controlled 
conditions [25, 26, 31, 34, 35, 42]. This method produces a current density response that is independent of the 
polarization applied to the electrode, ignoring the potentials region where the reaction may be activation-
controlled. In order to incorporate this behaviour some researchers had used different formulations to produce 
an asymptotic transition between Tafel behaviour and a pre-set oxygen limiting current value [22, 23, 32]. 
Another simple approach is, as mentioned in the previous section, is the used of experimental polarization 
curves [20, 21, 37-40]. Nonetheless, these methods fix the value of the oxygen reduction limiting current a 
priori, not reflecting the differential access to oxygen that can be produced over the electrodes’ surface. Gadala 
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et al. [24] recently developed a model to study the CP of pipelines that overcomes this difficulty. They took 
advantage on the fact that dissolved oxygen has no electrical charge, allowing to model the transport of oxygen 
by diffusion independently of the electrical fields contained in the Laplace Equation.  Then, they linked both 
models calculating the value of the limiting current of oxygen based on the oxygen flux at the electrode’s 
surface. 
For models based on the Nernst-Planck Equation, some authors used mathematical expressions similar to those 
used for Laplace Equation based models to produce an asymptotic transition between Tafel behaviour and a 
fixed value of oxygen limiting current density [15, 17]. Although this is a reasonable first approximation, it does 
not take advantage of the quantitative evaluation of the dissolved oxygen concentration produced by the Nernst-
Planck Equation. To incorporate this feature, some researchers described the reaction kinetics as a Tafel 
behaviour affected by the fraction of the bulk oxygen concentration that is available at the electrode surface [11, 
13, 14, 18]. Yet, this approach fails to reproduce the polarization independent kinetics observed for at large 
overpotentials for diffusion controlled reactions. 
 Chin et al. [43] took a more simple, yet effective approach by assuming that the kinetics of oxygen reduction 
were instantaneous, and making the current density produced by oxygen reduction proportional to the oxygen 
flux across the electrode surface [43]. Although, this method ignores the range of potentials where the reaction 
is activation-controlled, it describes the diffusion controlled stage more accurately than the other methods 
presented in this section. Considering that for the most cases where CP is applied, the potentials will remain 
within the range where oxygen reduction is diffusion controlled, it could be argued that the approach followed 
by Chin et al. is sufficiently detailed. However, dynamic potential shifts such as those produced by stray 
currents could require a better description of the oxygen reduction kinetics.  
3.3 Coating defects 
Structures under CP are typically coated to reduce the total exposed area and, thus, the current required to 
achieve an adequate protection. Unfortunately, the location and distribution of the possible coating defects is 
unpredictable. For instance, in structures such as underground pipelines, most coating defects are believed to be 
induced during construction. Thus, there is a need to conciliate the stochastic nature of coating defects location, 
size and distribution with the deterministic nature of FEM models. Typically, one of two approaches is 
followed. One approach consists on affecting the kinetics of the electrochemical reactions taking place at the 
cathode by a coating coefficient that reflects the condition of the coating. This approach implicitly assumes that 
coating defects will be homogenously distributed over the cathode [25, 26, 31, 40]. The other approach is to 
designate a priori certain regions of the cathode as coating defects and consider the rest of it as a perfectly 
coated surface [21, 24-26, 28, 34]. Orazem et al. [44] evaluated the differences between these two approaches 
for the purposes of CP design and concluded that no significant differences are produced as long as the anode is 
located sufficiently far away from the structure.  
Another complexity that coatings introduce to CP models is that they not only fail producing exposure of bare 
metal areas, but they also disbond from the structures generating crevices where CP currents could be shielded. 
Although the effectiveness of CP under disbonded coatings can and has been studied using FEM model based 
on the Nernst-Planck Equation [11-18], solving this equation is computationally expensive and inefficient for 
large scale models representing the whole structure. Thus, there is a need to develop multiscale FEM models of 
hybrid formulation where the area surrounding the coating defect is modelled used the Nernst-Planck Equation 
and the bulk electrolyte is modelled using the more efficient Laplace equation. Unfortunately, no FEM model 
with these characteristics has been found in the literature. 
3.4 pH 
The prolonged action of the CP current tends to increase the pH around the protected structure and this affects 
the anodic, as well as the cathodic reactions kinetics. In the case of steel, passivation can be induced at pH 
values over 9 and this is believed to be reason for robustness of CP in field conditions where its momentary 
interruption due to stray currents or failure of equipment are difficult to avoid [2]. In addition, as we have shown 
in a previous publication [45], the development of high pH environments can also decrease the risk of corrosion 
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under disbonded coatings independently of the presence of a passive film on the steel surface. This is due to the 
decrease in the potential difference between the iron dissolution and the hydrogen evolution equilibrium 
potentials produced at pH values above 9.5 
Unfortunately, the way in which the pH influences the electrodes kinetics is often disregarded. This is 
particularly the case in models based on the Laplace Equation, where the concentration of alkali is difficult to 
calculate. The nature of this obstacle lies in the charged nature of alkali and protons that does not allow to 
calculate their concentration independently of the electrical field contained in the Laplace equation. In attempt 
to overcome this difficulty and describe the presence of passive and active regions in a reinforced concrete 
structure, Cheung et al. [32] took a similar approach to the one used for coatings, initially defining the extent 
and distribution of both regions and using different reaction kinetics for each of them. 
Models based on the Nernst-Planck Equation, on the other hand, do not have difficulty in calculating pH values 
since the transport of each species is calculated individually. Nevertheless, the resulting alkali concentrations are 
rarely used in describing the electrode kinetics [15, 19]. The use of boundary conditions with pH-independent 
equilibrium potentials has led to important errors when estimating corrosion rates under disbonded coatings. The 
results of Song’s model indicate that a corrosion cell could be sustained deep inside disbonded areas, where 
hydrogen evolution would be the main cathodic reaction [11-14]. However, the same model also predicts the 
development of a high pH environment where hydrogen evolution is thermodynamically impossible.  
4. OTHER ENVIRONMENTAL FACTORS 
4.1 Electrolyte conductivity changes 
The CP potential applied to the structure in typical FEM models is an IR-drop free potential. In other words, the 
CP potential is equal to the polarization of the electrode. However, in reality a significant part of the ON-
potentials applied to a structure is IR-drop produced by the flow of current in the electrolyte. Evaluating the 
actual polarization levels achieved in field conditions can be challenging. Thus a general practice is to evaluate 
ON-potentials against a reference electrode located sufficiently away from all coating defects [2]. 
The evaluation of potential differences in the electrolyte against an arbitrary point which represents the 
reference electrode is not challenging by FEM modelling. However, the prolonged action of CP currents over 
the structure surface is likely to modify the environment around coating defects, increasing its conductivity. 
Since the current density is highest around coating defects, changes in the conductivity of the electrolyte at this 
location can have a significant effect over the total IR-drop and, therefore, on the actual polarization levels 
attained at the structure. Unfortunately, models based on the Laplace Equation lack of the level of detail 
required to properly evaluate the changes in conductivity. Models based on the Nernst-Plank equation are better 
suited for this task, however, due to their computational cost, the modelled electrolyte is generally limited to the 
proximities of coating defects, not including the location where the remote reference electrode would be placed. 
Additionally, the non-linear nature of the interrelation between the conductivity changes around the cathode and 
the CP current flow also affects the conductivity, would require to be solved iteratively, increasing the 
computational cost of the model.  
4.2 Multiphase media 
The actual environments in which CP is applied almost always involve solids, liquids and gaseous phases. For 
example, hydrogen bubbles can be generated at the cathode if the metal is overprotected [46]. Since gaseous 
hydrogen is not a conductor, the CP current flow will be affected by its presence. In soils and in concrete, the 
electrolyte is confined to the interstitial spaces in between solid particles. This spaces are shared with gases such 
as air if the environment is not completely saturated in electrolyte. Consequently, the transport rate of species is 
significantly different from the one produced in continuous aqueous media. 
However, present FEM models take a macroscopic approach to the problem considering the environment as a 
continuous single phase body and modifying the kinetics of the electrochemical reactions in attempt to capture 
the overall effect that the other phases may produce [24]. Despite being unrefined, these approximations are 
Corrosion & Prevention 2016 Paper 83 - Page 6 
 
necessary due to the prohibitively high computational cost of models describing large number of discrete 
bubbles and solid particles.  
5. FINAL REMARKS 
For CP design applications, current FEM models based on the Laplace’s Equation represent an improvement 
over traditional analytical calculation methods because they consider the geometry of the system in greater 
detail.  However, they make an important assumption by disregarding the contributions of diffusion and 
convection to the ionic current flow and have difficulties to simulate the changes in the environment and the 
electrode/electrolyte interphases produced by the continuous action of CP. More sophisticated and precise 
models based on Nernst-Planck equation, on the other hand, require knowledge of an impractically large number 
of parameters. In addition, the boundary conditions used to simulate the electrolyte/electrode interfaces are still 
somewhat rudimentary. Most of models ignore fundamental electrochemical principles such as the Nernst 
Equation (particularly with respect to the influence of pH) or the relationship between the oxygen limiting 
currents and the flow of oxygen normal to the electrode surface. Thus, further refinement of these models is 
required. 
The successful design of future FEM models for CP application will lie on finding a balance between detailed 
description of the complex physicochemical processes taking place and providing a computationally efficient 
model based on easily measurable parameters such as environment resistivity.   
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